On-orbit Refueling of liquid xenon can prolong life of the electric propulsion system. Subcooled liquid xenon easily evaporates to form two-phase flow owing to reduction in pressure against continuing refueling. This paper investigates the steady flashing flow characteristics of xenon during the process of on-orbit refueling based on one-dimensional homogenous equilibrium model. Two phases are seen homogeneously without the discrepancy of pressure, temperature and velocity between liquid and vapor. One-dimensional fluid equations are discrete by the finite difference method. Distributions of pressure, dryness, void fraction, temperature and velocity are calculated in the condition of given inlet pressure, subcooling and mass flux. Effect of heat flux on two-phase flow is obtained. The results can help us better understand two-phase flow characteristics of xenon during the process of on-orbit refueling and design on-orbit refueling system of liquid xenon.
Introduction
NASA plans to build Gateway which is a multi-modular deep space habitat located in the cislunar space in the next decade [1] . The reusable Lunar Space Tug is equipped with Hall electric system and the main propellant of electric system is xenon. In order to transfer unmanned cargo between the International Space Station (ISS) and Gateway frequently, it is essential to refuel the Lunar Space Tug in the ISS and Gateway. Xenon is usually stored in propellant tanks as supercritical state in the space. NASA designs a scheme of on-orbit refueling of xenon which is at supercritical state [2] . However, the density of supercritical xenon is lower than that of liquid xenon which unfits for large-scale storage in the space propellant station. Furthermore, excessive pressure of supercritical xenon puts forward higher requirements for safety and structural strength.
Aiming at liquid storage in the future, on-orbit refueling of liquid xenon is proposed. While flowing through the pipe, the pressure of xenon falls in the direction of flow due to friction. When the pressure of xenon drops to the saturated vapor pressure, liquid bulk generates vapor to become gas-liquid two-phase flow. This phenomenon is called flash boiling. Flashing boiling is one kind of phase change caused by depressurization instead of external heat.
To solve flashing boiling in the circular and constant diameter pipe, researchers have introduced flash dryness by improving thermodynamic quality, numerical disperse equations based on one-dimensional two-phase models, and simulate by fluid software. Qi et al. [3] investigated the pressure drop character and heat transfer character of liquid nitrogen in the microchannel. To overcome the problem of large pressure gratitude, the authors introduced flash dryness to remedy insufficient of thermomechanical equilibrium dryness. Flash boiling of refrigerant occurring in adiabatic tube is a common phenomenon attracting many researchers modeling and analyzing the process. Most researchers model and analyze the flow based on two-phase flow model according to reasonable assumptions. They assume the flow is one-dimensional, adiabatic and steady. Lin et al. [4] predicted pressure drop of two-phase flow during vaporization of R12 in the tube based on the homogenous equilibrium model (HEM) with Churchill correlation [4] , agreeing with the experiments results well. Liang et al. [5] used drift flux model to calculate flashing boiling of R12 in the adiabatic tube, calculating results corresponding well with experiment. Seixlack et al. [6] used intricate two-phase model to calculate flashing flow of refrigerant in the adiabatic tube. Results between two-fluid model and classical HEM are compared and they found that the larger number of closure relationships are specified owing to sophistication of two-fluid model. Furthermore, the authors found that hydrodynamic non-equilibrium and velocities between vapor and liquid are particular small, so the flashing flow is very closely to homogenous flow. Prajapati et al. [7] modeled the adiabatic two-phase flow in a tube with ANSYS FLUENT based on the volume of fluid (VOF) model and Lee's mass and heat transfer model. Praveen et al. [8] used ANSYS CFX to simulate flashing flow of refrigerant in the adiabatic flow. Results from fluid software can give detailed information particularly distributions of flow parameters in radial direction while rather troublesome to modify setting. In most cases, calculating results are in good agreement with the experiments of flash boiling in the adiabatic pipe based on one-dimensional HEM or two-fluid model. The HEM is preferred in industrial application and numerical calculation of one-dimension two-phase flow for its simplicity to simulate the flashing flow in the pipe.
To understand the flashing flow and better serve on-orbit refueling of xenon, it is important to investigate the two-phase flow characteristics of xenon along the pipe during the process of on-orbit refueling. Similar to refrigerant flow in the pipe, flow characteristics are calculated based on the simple and effective homogenous equilibrium model. It is helpful to design the on-orbit refueling system. This paper theoretical models the flashing flow in the pipe based on the HEM, calculates the flow characteristics of xenon in the adiabatic and diabatic conditions and discusses results for pressure, dryness, void fraction, velocity and temperature.
Theoretical Modeling
The flow in the pipe can be divided into two regions, single-phase region and two-phase region, taking no account of metastable region. Considering the entrance effect, the subcooled region includes an entrance region. The fluid is assumed to be steady and one-dimensional. The refueling pipe is straight, horizontal and has constant inner diameter. In this paper, the mathematical model based on the HEM is used. Schematic diagram of on-orbit refueling system and regions of the pipe is given as follows in Figure 1 . 1 entrance region 1+2 single-phase region 3 two-phase region Subcooled Single-phase Region. In the subcooled region, the flow is seen as incompressible and the density and viscosity are constant. Pressure drop is just only from the friction pressure drop,
where p is the pressure, z is the axial distance, L f is the single-phase region Darcy friction factor, G is the mass flux, u is the velocity and D is the diameter.The Churchill equation is used to calculate frictional pressure drop coefficient.
Due to the momentum change and accumulated increment in wall shell stress caused by the developing flow, there is an extra pressure drop in the entrance region. (2)
According to Lundgren et al. [9] , the   K  is 4/3 at sufficient distance from the inlet.Owing to the unknown of distribution of velocity in the entrance region, the distribution of () Kz is assumed as linear distribution along the entrance region.
Two-phase Region. In the two-phase region, liquid xenon flashes to generate vapor along the pipe. In this region, the average density is decreasing in resulting increasing of fluid velocity. To describe flow process of two-phase flow in the pipe, the HEM is employed. According to the HEM, the flow is thermomechanical equilibrium and no difference of velocities between liquid and vapor.
One-dimensional fluid equations are as follows, 
where f is the two-phase Darcy friction factor, h is the two-phase sprcific enthalpy,  is the two-phase density, x is the quality, 
where q is the heat flux. The friction factor is a function of Reynolds number and viscosity is used by two-phase viscosity. The average viscosity is calculated by McAdams viscosity model [4] .
where  is the two-phase viscosity, l  is the liquid viscosity and g  is the gas viscosity. Based on the HEM, the void fraction is calculated by
where  is the volume fraction.
Calculation and Analysis
The storage state of xenon is assumed to be steady with constant inlet pressure and subcooling. Meanwhile, this paper assumes that on-orbit refueling system can provide steady mass flow rate. The pipe is circular and its constant diameter is 4mm. The absolute roughness of the pipe is 0.002mm. In the adiabatic condition, there is no heat transfer between the tube wall and the fluid. The inlet pressure is 10bar, the subcooling is 5K and the mass flux is 10000 kg/m 2 s. Figure 2 shows that the pressure drop gratitude in the entrance region is larger than that in the developed region due to the extra pressure drop from the momentum change and the accumulated increment in wall shear in the entrance region. In the developed single-phase region, the xenon is subcooled and the pressure decreases linearly due to only the friction pressure drop. In the single-phase region, the liquid is seen as incompressible, so the liquid density, the velocity and viscosity is seen as constant in the constant mass flux resulting in constant pressure drop per meter. In the two-phase stage, the pressure drop gratitude is larger and larger and the slope is especially steep in the outlet of the pipe due to increasing of friction pressure drop and appears a new pressure drop, namely acceleration pressure drop. In the two-phase region, more bubbles are generated owing to flashing of xenon. The density of mixtures gradually declines while the velocity increasing. Through the momentum equation, the friction pressure drop is increasing and the acceleration pressure drop grows out of nothing and expends from small to large. shows that there is no phase change so the values of dryness and void fraction are zero while the volocity and temperature is constant in the subcooled single-phase region. It can be seen that the difference between dryness and void fraction. The curve of dryness is similar to parabola and that of void fraction is similar to straightline along the two-phase region. In the end of the two-phase region, the dryness is less than 0.1 while the void fraction is close to 1 because the dryness reflects the proportion of gas mass and the void fraction reflects the proportion of gas volume. The velocity of two-phase flow surges rapidly in the end of the pipe. That's why acceleration pressure drop is increasing in the two-phase region and uncontrollable rising in the tail part of the pipe. No heat transfers from the surrounding to the fluid due to adiabatic condition while liquid flashes due to pressure lower than the saturated vapor pressure. Latent heat required for the phase change is from the liquid bulk, so the temperature is decreasing when bubbles gradually increasing.
In the diabatic environment, heat flux may have a great effect on refueling process owing to heat can meet needs of latent heat during the flashing process. To investigate the influence of heat flux on refueling process, this paper calculates the pressure and void fraction in the two-phase region. The flow boundary conditions using xenon is given as follows in Table1. Figure 4 shows that heat leakage from the environment has a certain effect to two-phase flow of xenon. In the diabatic condition, heat leakage has a contribution to the evaporation of liquid, generating more bubbles comparing with the adiabatic condition. Thus, in the same location of the pipe, void fraction in the diabatic environment is larger than that in the adiabatic environment. Due to producing more gas, velocity is increasing while viscosity is decreasing resulting in more pressure drop. In the practical space environment, it is hard to keep an adiabatic system, so there always has heat flow into the pipeline, reminding us that the diabatic condition can't be ignored when designing the refueling system.
Conclusions
This paper assumes that liquid xenon will be large-scale application in the future, therefore considering two-phase flow characteristics during the on-orbit refueling of liquid xenon. This paper mainly analyzes the flashing flow caused by the reduced pressure and effect on flashing flow by heat leakage.
Distributions of pressure, dryness, void fraction, velocity and temperature along the pipe are calculated based on the one-dimensional homogenous equilibrium model through the finite difference method. The detailed process of flashing flow in the pipe are destroyed and analyzed. In the subcooled single-phase region, the pressure drop is merely friction pressure drop and the temperature and the velocity are constant owing to liquid seen as incompressible. In the two-phase region, due to phase change, portion of liquid flashes into vapor resulting in the density descending while velocity rising which generating acceleration drop and accreting pressure drop. Distributions of dryness, void fraction, velocity and temperature are drawn and explained. The values of these flow parameters are from the constant value to fierce changes due to flashing. The influence of heat leakage is analyzed. Heat flux from the space assist xenon in flashing, resulting in more vapor and pressure drop in the two-phase region.
The results are helpful to understand the two-phase flow phenomenon of xenon inside pipe and to design reliable and safe on-orbit refueling system of liquid xenon.
